Paton CM, Ntambi JM. Loss of stearoyl-CoA desaturase activity leads to free cholesterol synthesis through increased Xbp-1 splicing. Am J Physiol Endocrinol Metab 299: E1066 -E1075, 2010. First published October 5, 2010; doi:10.1152/ajpendo.00388.2010.-Stearoyl-CoA desaturase-1 (SCD-1) is the rate-limiting enzyme in the biosynthesis of monounsaturated fatty acids (MUFA), which are required for efficient neutral lipid esterification. In the present investigation, we demonstrate that loss of SCD-1 activity increases free cholesterol (FC) content and induces Xbp-1 splicing. We assessed the small molecule SCD-1 inhibitor A939572 on [
STEAROYL-COA DESATURASE-1 (SCD-1) is an iron-containing integral membrane protein of the endoplasmic reticulum (ER), where it introduces the first cis-double bond in the ⌬9 position of stearate (18:0) and palmitate (16:0) to generate oleate (18:1n9) and palmitoleate (16:1n7), respectively. Recently, evidence has emerged indicating that SCD-1 is not only involved in, but is required for, cell proliferation and survival. Two independent investigations have used RNAi-mediated knockdown of SCD-1, and both reported a decrease in cell proliferation. Scaglia and Igal (29) , using SV40-transformed human lung fibroblasts, found that the desaturation index was reduced, that lipid profiles were shifted toward an increased incorporation of stearate into triglyceride, and that supplementation with exogenous oleate was insufficient to rescue survival. Morgan-Lappe et al. (26) further demonstrated that SCD-1 knockdown effectively induced apoptosis via caspase-3 activity in a siRNA screeen. These results suggest that SCD-1 is required for cell survival; however, the mechanism by which SCD-1 promotes viability is unknown. Although the exact mechanism by which SCD-1 regulates cell survival is not fully understood, it was shown that increased SCD-1 activity enhances the retention of intracellular cholesterol in vivo and in vitro (25, 35) . It is hypothesized that this effect is achieved via increased acyl-CoA:cholesterol acyltransferase-1 (ACAT1)-mediated cholesterol esterification. Furthermore, we have shown that SCD-1 deficiency in animal models decreases monounsaturated fatty acid (MUFA) synthesis (12, 25) . Excessive free cholesterol (FC) is cytotoxic in the ER, and in the absence of esterification it is rapidly effluxed (11) . Conversely, an increase in cholesteryl-oleate synthesis would reduce the requirement for ATP-binding cassette transporter A1 (ABCA1)-mediated FC efflux and enhance viability by minimizing cholesterol depletion. Thus, in the presence of SCD-1 and ACAT1 activity, cholesteryl ester (CE) synthesis would increase, whereas a deficiency in either SCD-1 or ACAT1 would likely induce cholesterol efflux. It is logical to assume that SCD-1 activity may enhance cell viability by providing substrate for ACAT-mediated CE synthesis and reducing FC-mediated lipotoxicity.
Modest increases in ER free cholesterol levels are known to cause a rapid induction of the unfolded protein response and induce ER stress (11) . Recently, the IRE-1␣-mediated activation of the stress-induced X-box binding protein-1 (Xbp-1) transcription factor was shown to induce lipogenesis and sterol synthesis (22) . Xbp-1 mRNA contains an unconventional intron that, when transcribed, leads to early termination and a nonfunctional 33-kDa protein. However, when a 26 nucleotide intron is excised via IRE-1␣, the result is a frame shift in translation that eliminates a stop codon and generates a 54-kDa active bZIP transcription factor (4) . IRE-1␣ is a cell stress signaling factor and induces the unfolded protein response, largely through induction of Xbp-1s. In the present investigation, we provide evidence that loss of SCD-1 activity prevents efficient cholesterol esterification with MUFA. Furthermore, loss of SCD-1 activity induces Xbp-1 splicing, increases cellular FC levels, and increases LXR␣ and ABCA1 expression.
MATERIALS AND METHODS

Animals and diets.
Mice were housed and bred in a pathogen-free barrier facility of the Department of Biochemistry at the University of Wisconsin-Madison. The breeding and handling of animals was in accordance with protocols approved by the Animal Care Research Committee of the University. Generation of liver specific SCD-1-deficient mice has been previously described (24) , and the animals were maintained on a 12:12-h light-dark cycle with free access to water and a standard chow diet (Purina 5008). For fasting-refeeding studies, a high-sucrose, very-low-fat (HSVLF) diet was used (Harlan Teklad, TD03045) to induce lipogenesis and cholesterolgenesis. For the fasting-refeeding studies, 8-to 10-wk-old male and female mice were either fasted for 24 h (fasted group) or fasted for 24 h followed by refeeding the HSVLF diet for 12 h (refed group). For long-term activation of de novo hepatic lipogenesis, animals were placed on the HSVLF diet for 10 days. All animals were euthanized by isoflurane overdose, and tissues and plasma were rapidly removed, snap-frozen in liquid nitrogen, and stored at Ϫ80°C.
Cell culture. The human breast cancer cell lines MCF-7 and MDA-MB-231 were maintained in DMEM with 10% FBS and 1% penicillin-streptomycin at 37°C and 5% CO 2. For most fatty acid treatments, cells were grown in standard culture conditions until confluence, after which the medium was replaced with serum-free medium to eliminate exogenous free fatty acids (FFA). FBS contains 18:1; therefore, for all fatty acid treatments, BSA-conjugated fatty acids (3:1 molar ratio BSA/FFA) were used to treat cells with serum-free DMEM unless otherwise indicated.
Cell viability and proliferation. Cell viability was determined using 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT; Sigma). Cells (1 ϫ 10 4 ) were plated in triplicate onto 96-well tissue culture plates and allowed to adhere overnight. The next morning, cells were serum starved and then treated with varying concentrations of inhibitors and/or BSA-fatty acid complexes in serum-free medium for the indicated times.
Protein expression and analysis. Total protein concentration was measured using the Bradford method prior to Western blotting. Antibodies to ␣-actin (Santa Cruz Biotechnology) were used at 1:400 dilution, and the mouse mAb against caveolin-1 (BD Biosciences) and ABCA1 (27) were used at 1:1,000. Horseradish peroxidase-conjugated secondary antibodies were detected using enhanced chemiluminescence.
Fluorescence microscopy and image quantitation. Approximately 10 5 cells/ml were plated onto 24-well tissue culture plates and grown overnight with indicated treatments including methyl-␤-cyclodextrin (M␤CD; Sigma). Cells were then washed with PBS and grown in the indicated conditions. Cells were then washed twice with PBS, fixed with 3% paraformaldehyde in PBS for 1 h at 37°C, and then quenched with 1.5 mg/ml glycine for 10 min at room temperature. Cells were then stained with either filipin (Sigma) or Cholera Toxin B (CTB; Molecular Probes Alexa fluor 555) and Hoechst nuclear stain (Sigma). The cells were visualized at 430 nm (filipin or Hoechst) or 555 nm (CTB) by use of an inverted fluorescent microscope at ϫ10 magnification for filipin due to rapid photobleaching or ϫ60 for CTB. Filipin images were captured, and fluorescence was estimated by measuring 10 randomly chosen fields per image using ImageJ (rsbweb.nih.gov/ij/).
Inhibition of SCD activity. The small molecule inhibitor of SCD-1 {4-(2-chlorophenoxy)-N-[3-(methylcarbamoyl)-phenyl]piperidine-1-carboxamide} (A939572) was from Biofine International (Vancouver, BC, Canada). A 64 mM stock of A939572 was dissolved in DMSO and stored at Ϫ20°C, and working concentrations (1 M) were diluted in serum-free DMEM prior to assay. Vehicle (control) -treated cells consisted of diluent DMSO in serum-free DMEM.
Lipid extraction, TLC, and cellular desaturase activity assay. Cells were treated with 100 M stearate containing 0.5 Ci [
14 C]stearic acid conjugated to BSA for 18 h. Total cellular lipids were extracted according to the Folch method (14) and resolved on a silica gel plate using hexane-diethyl ether-acetic acid (90:30:1) as the developing solvent. A live cell-based desaturation assay was employed to assess the ability of A939572 to repress SCD-1 activity. Briefly, cells were treated with 100 M [ 14 C]stearate (0.5 Ci) in DMEM containing 1% FBS for 24 h and lysed in 10 N NaOH for 30 min. For SCD-1 activity measurements, total cellular lipids were extracted with hexane after acidification with HCl and separated by TLC on silver nitrate-impregnated silica gel plates using a chloroform-methanol-acetic acid-water (90:8:1:0.8) solvent system. Radioactive spots were read using a Packard InstantImager with the upper band corresponding to [ 14 C]stearate and the lower band to [ 14 C]oleate. For FC measurements, N2-dried lipids were resuspended in 0.01 ml of CHCl3 ϩ (0.09 ml isopropanol ϩ 0.1% Triton X-100) and analyzed using a commercially available kit (Wako Diagnostics, 435-35801).
Collection of RNA and quantification of gene expression. Total RNA was collected from cells by use of Tri reagent (Molecular Research), and reverse-strand cDNA synthesis was conducted using 1 ng RNA (Applied Biosystems). Primers were designed to amplify 100-to 200-bp segments that span exon-exon borders of the target genes to exclude amplifying any genomic DNA that might have been carried over. Xbp-1 processing was assessed as previously described (13) .
Statistical analyses. Statistical analyses were performed using SAS software (SAS v. 8.2; SAS Institute, Cary, NC). The a priori ␣-level was set at P Ͻ 0.05 for all planned comparisons. All values represent means Ϯ SE of three independent experiments; * denotes a significant difference from the respective control (i.e., within groups), and # represents a significant within-treatment (i.e., between groups) difference (P Ͻ 0.05).
RESULTS
A939572 inhibits SCD-1 activity and suppresses cell growth.
Recently, the piperidine-aryl urea-based inhibitors of SCD-1 activity have become available for use in biological assays (37) . The ability of these small molecule inhibitors to cross cell membranes and rapidly and efficiently inhibit the activity of SCD-1 at low doses has enabled us to determine the role of de novo desaturation in cell viability. First, we assessed the ability of A939572 to repress oleic acid generation in MCF-7 cells, which have a high level SCD-1 gene expression, protein, and activity (7) (Fig. 1A) . The cells were treated with 100 M [ 14 C]stearate bound to BSA in DMEM plus 1% FBS for 4 h. We found that 1 M A939572 was sufficient to completely repress endogenous oleate synthesis in both MCF-7 and MDA-MB-231 (Fig. 1B) , indicating that the inhibitor was effective in preventing de novo MUFA generation.
After establishing the effectiveness of the inhibitor, we next determined its ability to repress cell growth in culture. MCF-7 ( Fig. 1C) and MDA-MB-231 cells (Fig. 1D ) were plated into 96-well culture plates at a density of 10 3 cells/ml DMEM ϩ 10% FBS either with 1 M A939572 or without inhibitor (vehicle), and serum-containing medium was replaced every 48 h. Cell density was measured using the MTT assay from wells in triplicate and indicated that during the exponential growth phase (ϳ72 h) MCF-7 displayed modest sensitivity to SCD-1 inhibition and that MDA-MB-231 cell growth was repressed at 72 h and failed to increase at 120 h. It is important to note that, while MDA-MB-231 cells display less SCD-1 activity than MCF-7 cells, they demonstrate greater growth retardation upon loss of activity.
Loss of SCD-1 activity suppresses CE biosynthesis. To gain insight into the mechanism by which SCD-1 inhibition suppresses cell growth, we treated both MCF-7 and MDA-MB-231 cells with [
14 C]stearate for 18 h. After treating the cells with labeled fatty acid, we separated total cellular lipids by TLC and visualized [
14 C]stearate incorporation relative to known standards (standards were visualized using fluorescein and UV light, and then their positions were marked on the TLC plates) (Fig. 2, A and B) . In both cell lines, there was a large degree of label incorporation into phospholipids regardless of whether SCD-1 activity was present or not. In the absence of either SCD-1 activity or exogenous oleate, there appeared to be an accumulation of diacylglycerol that was diminished either by the presence of SCD-1 activity (non-inhibitortreated MCF-7 cells vs. non-inhibitor-treated MDA) or by exogenously added SCD-1 product (oleate in MDA-MB-231 cells). It is possible that what we have labeled as diacylglycerol may in fact be FC, although it is highly unlikely. In order for the 14 C label to be incorporated into FC, labeled stearate would have to be metabolized into acetate and then converted into cholesterol. Surprisingly, triglyceride (TG) content appeared to be unaffected by loss of SCD-1 activity, and although we did not determine fatty acid composition, it is likely that an increase in stearate incorporation was responsible for maintaining TG synthesis in the absence of SCD-1 activitiy. However, it is possible that redistribution of oleate from neutral lipid stores may have contributed to TG synthesis in these cells. Last, we saw a clear reduction in the CE fraction in both MCF-7 and MDA-MB-231 cells. ACAT activity has been shown to proceed in the presence of both SFA and MUFA in purified microsomal fractions; yet the speed of the reaction increases with long-chain MUFA (30) . This suggests that SCD-1-mediated synthesis of oleate is an important step in the synthesis of cholesteryl-oleate, and these data suggest that loss of SCD-1 activity severely represses CE formation in these cells. , and Ϯ 100 g/ml free cholesterol (FC) for 18 h, after which total lipids were extracted and separated, and incorporation of 14 C was visualized by radiography. Loss of SCD-1 activity increased diacylglycerol (DAG) content, whereas phospholipid (PL) and triglyceride (TG) formation were largely unaffected in both cell lines. To visualize the CE band, MDA cells were supplemented with 50 M FC in addition to indicated free fatty acid (FFA) treatments. Both cell lines showed a decreased intensity of 14 C incorporation into CE, suggesting that loss of SCD-1 activity specifically suppresses cholesterol esterification.
SCD inhibition increases FC and ABCA1 expression. LDL receptor-mediated uptake of cholesterol, mainly in the form of CE, is still dependent on ACAT-mediated esterification with MUFA. This is because CE targeted to lysosomes is deesterified by cholesterol esterase and thus requires reesterification in the ER (18) . On the basis of these facts, we assumed that, if cholesterol esterification to MUFA was prevented in the absence of SCD-1 activity, then free cholesterol should therefore accumulate. We quantitatively measured total FC in MDA-MB-231 cells (Fig. 3A) by enzymatic assay and found that FC levels increased 63% when SCD activity was inhibited (5.9 Ϯ 1.3 to 9.7 Ϯ 2.3 g/ml, vehicle vs. A939572). The cells were also treated with the FC-specific probe filipin with a combination of treatments including A939572, 25 M oleate, and/or M␤CD, and filipin staining intensity was quantified as described above using ImageJ software (Fig. 3B ). There was no independent effect of oleate treatment on filipin staining intensity, whereas A939572 treatment increased fluorescence more than twofold (2.2 27 0.3; Fig. 3C ). When the cells were cotreated with 18:1 ϩ A939572, the increase in FC level was prevented, with similar results obtained with M␤CD ϩ A939572 cotreatment. The filipin staining data clearly show that, in the absence of SCD-1 activity (i.e., losss of MUFA synthesis), FC levels rise. However, when SCD-1 substrate (oleate) is added back, the increase is FC is completely prevented. Similarly, when the cells are pretreated with a cholesterol chelating agent to deplete total cholesterol, the effect of SCD-1 inhibition is lost. Therefore, we conclude that the effect of A939572 is due in large part to the loss of MUFA synthesis and the increase in FC levels, indicating that the small molecule inhibitor is fairly specific for SCD-1.
To accurately assess the effects of SCD-1 inhibition in culture, all treatments must be carried out in serum-free medium, as FBS contains oleate in FFA form. As a consequence, cellular ABCA1-mediated cholesterol efflux will be blocked at the membrane, as there is no FC acceptor in the medium. The CTB stain is useful for staining lipid raft or caveolin-1 (Cav-1)-enriched segments of the membrane, which is where ABCA1-mediated cholesterol efflux occurs (16, 23) . When the cells were stained with CTB to visualize lipid raft content, we Fig. 3 . Inhibition of SCD-1 activity increases FC levels in MDA-MB-231 cells. In light of the fact that SCD-1 inhibition prevented cholesterol esterification with MUFA, we measured total cellular FC levels. A: cells were grown for 18 h in serum-free medium with or without 1 M A939572, and FC levels were assessed by enzymatic assay. Inhibitor treatment caused a significant increase to total FC levels in culture. B: alternatively, cells were grown as in A and supplemented with indicated fatty acids, fixed, and stained with the FC probe filipin and visualized using fluorescence microscopy. C: inhibitor treatement increased filipin staining intensity and was reversed by cotreatment with 10 m oleate or methyl-␤-cyclodextrin (M␤CD) treatment. Average fluorescence intensity was quantified from 10 randomly chosen fields from the images in B. D: excessive FC can alter membrane composition, and we saw that staining with the lipid raft probe cholera toxin B (red) and Hoescht (blue) increased with A939572 treatment. At ϫ10, scale bar represents 500 m; at ϫ60, scale bar represents 50 m.
found that fluorescence intensity increased with SCD-1 inhibitor treatment, suggesting that cellular FC was localized or accumulating in the cell membrane (Fig. 3D) .
With the addition of the SCD-1 inhibitor, both LXR␣ and ABCA1 expression increased 2.4-and 3.7-fold, respectively (Fig. 4A) . ABCA1 is responsible for a large portion of active transport of cellular phospholipids and FC from the cytoplasm to the circulation via lipid-poor apoA-I. In addition to regulated gene expression, several modes of control of ABCA1 have been described, including membrane-to-cytosol shuttling and protein stability and degradation (3) . Therefore, to confirm that the rise in ABCA1 gene expression resulted in translated protein, we assessed its levels via Western blot under the same treatments. In agreement with the gene expression results, ABCA1 protein levels increased with SCD inhibition (Fig. 4B) . The activation of ABCA1-mediated cholesterol efflux has been shown to require the cell membrane protein Cav-1 during the transition from the inactive cytosolic pool to the membrane lipid raft localized, actively effluxing, pool (6, 16, 23) . For this reason, we also measured total Cav-1 levels. Despite the fact that gene expression did not change (data not shown), Cav-1 protein levels were elevated over vehicle-treated cells, suggesting that not only are the genes for cholesterol efflux increasing with SCD inhibition, but membrane remodeling may be occurring as well.
Loss of SCD activity increases xbp-1 splicing and cholesterol synthesis. On the basis of our results, we sought to determine whether the increase in FC as a result of SCD-1 inhibition was activating ER stress and whether it was responsible for cholesterol synthesis. Figure 5A shows that inhibitor treatment led to a 27-fold induction of total Xbp-1 message.
The 26-nucleotide intron contains a PstI restriction site; thus, unspliced Xbp-1 (Xbp-1u) PCR products can be digested with PstI to yield two products (290 and 183 bp). Spliced Xbp-1 (Xbp-1s) lacks the PstI restriction site, and therefore it will yield a single PCR band at 447 bp (13) . By use of this method, vehicle-treated MDA-MB-231 cells display both Xbp-1u and Xbp-1s in roughly equal quantities (Fig. 5B) . When cells were treated with 1 M A939572 for 18 h, Xbp-1u completely disappeared, whereas Xbp-1s was the principal cDNA isoform. Once again, to address the specificity of the small molecule inhibitor, the cells were cotreated with oleate in the presence or absence of A939572. At 25 M, oleate alone increased Xbp-1u relative to Xbp-1s, and in the absence of SCD-1 activity exogenous oleate was able to reduce Xbp-1 splicing. These results, combined with those in Fig. 5A , suggest that loss of SCD-1 activity not only increases Xbp-1 content but activates the transcription factor as well.
Membrane biogenesis is an integral aspect of the unfolded protein response (UPR) and has been shown to require cholesterol (21, 34) . In light of that fact, we sought to determine whether Xbp-1s could induce sterol synthesis gene expression. MDA-MB-231 cells were grown in standard culture conditions (i.e., DMEM ϩ 10% FBS) with or without A939572. By treating the cells with Xbp-1s adenovirus in the presence or absence of SCD-1 activity while providing exogenous oleate, we could effectively determine the independent effect of Xbp-1s activation in the absence of complete activation of the UPR. We found no effect of Xbp-1s on sterol synthesis genes in the presence of SCD-1 activity, nor was there an independent effect of A939572 (Fig. 5C) . However, when the cells were cotreated with Xbp-1s and A939572, both SREBP2 and its target gene HMG-CoA reductase (HMGCR) increased significantly (2.7 Ϯ 0.7-and 3.5 Ϯ 0.5-fold, respectively). We also found that there was a slight yet significant elevation in LXR␣ (1.7 Ϯ 0.3-fold vs. GFP) expression and its target gene ABCA1 (1.4 Ϯ 0.04-fold vs. GFP) with A939572 alone. Xbp-1s alone caused a minor, nonsignificant increase in both ABCA1 and LXR␣ while significantly reducing Cav-1 expression (0.6 Ϯ 0.2-fold vs. GFP). Finally, when cells were cotreated with A939572 ϩ Xbp-1s, LXR␣, ABCA1, Cav-1, ACAT1, and ACAT2 expression all increased significantly over GFP-treated cells (2.1 Ϯ 0.1, 2.6 Ϯ 0.1, 1.8 Ϯ 0.4, 1.6 Ϯ 0.1, 2.3 Ϯ 0.3, respectively). These results show that activation of Xbp-1s induces sterol synthesis only in the absence of SCD-1 activity, possibly by increasing cholesterol synthesis without a concomitant increase in MUFA for esterification.
Fasting-refeeding increases FC levels and xbp-1s in SCD-1 LKO mice. To confirm our in vitro results using A939572, we chose to use a mouse model of liver-specific SCD-1 deficiency. We have previously reported that liver-specific deletion (LKO) of SCD-1 impairs lipogenesis and increases plasma cholesterol when mice are fed an HSVLF diet for 10 days (24) . Additionally, in global SCD-1-deficient mice, 10-day feeding of the HSVLF diet was shown to induce cell stress and Xbp-1 processing (13) . Others have shown that during fasting-refeeding, which robustly activates lipogenesis, there is also a concomitant increase in sterol synthesis (19, 36) . On the basis of this fact, we surmised that if LKO mice could in fact activate lipogenesis and cholesterolgenesis, it would likely induce Xbp-1 splicing because any de novo synthesis of cholesterol would either be esterified to saturated fatty acid (SFA) or it would remain as FC.
Eight-to ten-week-old Lox control and LKO mice were fasted for 24 h (0800 -0800; Fasted group) or fasted for 24 h (2000 -2000) and then refed the HSVLF diet for 12 h (2000 -0800; Refed group) to induce cholesterolgenesis. The timing of the 24-h fast for the fasted group was staggered such that both groups were killed between 0800 and 1000. To confirm the induction of cholesterol synthesis, we measured free cholesterol in liver of Lox and LKO fasted and refed mice. We found that in the fasted state there was no significant difference between groups. With refeeding, Lox animals decreased significantly (0.7 Ϯ 0.05 vs. 0.5 Ϯ 0.05, P ϭ 0.01), whereas LKO animals failed to decrease (0.7 Ϯ 0.12 vs. 0.7 Ϯ 0.06, P ϭ 0.4; Fig. 6A ). The significant decrease in Lox animals with refeeding and the failure to decrease in LKO under the same conditions resulted in a significantly different FC level between groups (P ϭ 0.01). This was also confirmed by TLC separation of hepatic neutral lipids (Fig. 6B) , where the upper CE band in refed Lox mice is clearly larger than in LKO animals.
We demonstrated above how loss of SCD-1 activity induces Xbp-1 splicing by increasing FC, and similarly, when we assessed the degree of Xbp-1 activation, we found that LKO mice appeared to have higher Xbp-1s content under fasting conditions (Fig. 6C) . Both groups increased the Xbp-1s/ Xbp-1u ratio with refeeding as expected, but with the higher total Xbp-1 mRNA content in the LKO animals to begin with, the amount of active Xbp-1 in the refed state was much higher compared with Lox mice. Last, we assessed changes in membrane composition by Cav-1 expression following 10-day feeding of the HSVLF diet in both Lox and LKO mice (Fig. 6D) . There appeared to be a slight increase in total Cav-1 expression in chow-fed LKO mice compared with Lox controls. Both groups increased Cav-1 expression when placed on the HSVLF diet for 10 days, but the extent of increase was far greater in the LKO animals. This would suggest that chronic feeding of the diet may be causing changes in membrane composition in lipid rafts (15, 16) .
DISCUSSION
The present investigation was designed to determine the effect of SCD-1 inhibition on cell growth where we found a striking effect on CE synthesis. We were able to confirm the relationship between CE synthesis and SCD-1 activity in MCF-7 and MDA-MB-231 cell lines using the small molecule inhibitor A939572. The ability to effectively repress SCD-1 activity in cells allowed us to determine the mechanism by which endogenous desaturase activity promoted viability. We found that treatment of cells with 1 M A939572 SCD-1 inhibitor was sufficient to repress desaturase activity and significantly impair cell growth even in the presence of exogenous MUFA. was assessed by resistance to PstI digest and showed that loss of endogenous MUFA synthesis increased splicing, whereas replenishment with 10 M oleate was sufficient to restore normal function. C: the constitutively active Xbp-1s adenovirus (10 GFU/ml) was used to assess the ability of endoplasmic reticulum (ER) stress to induce cholesterolgenesis in the presence or absence of SCD-1 activity. In GFP-, A939572-, or Xbp-1s-treated cells, there was no effect on cholesterol synthesis and only a slight inductin of LXR␣ and ABCA1. In the absence of SCD-1 activity, Xbp-1s increased cholesterol synthesis gene expression [stearoly regulatory element-binding protein-2 (SREBP-2), HMG-CoA reductase (HMGCR), acyl-CoA:cholesterol acyltransferase (ACAT)1, and -2] and LXR target genes (LXR␣, ABCA1, and Cav-1).
We observed that A939572 treatment of MDA-MB-231 and MCF-7 cells caused a significant reduction in cell proliferation at 72 (MCF-7) and 120 h (MCF-7 and MDA-MB-231). At earlier time points there was no observable effect of inhibition, yet when the cells entered the exponential phase of growth, proliferation was retarded in both cell lines. However, in subsequent experiments, side-by-side comparisons of cell viability and sensitivity to either SCD-1 inhibition or SFA treatment showed that MDA-MB-231 cells were far more susceptible to loss of SCD-1 activity (data not shown). This is likely due to the fact that MCF-7 cells have been shown to possess a much greater degree of fatty acid oxidation than MDA-MB-231 and therefore would not store FFA or TG to the same extent (1, 38) . MDA-MB-231 cells are more glycolytic, and yet they are still a lipogenic cell line. Thus, loss of SCD-1 activity may induce SFA toxicity due, in part, to the fact that they are unable to increase ␤-oxidation while accumulating lipids.
We initially explored the effect of inhibitor treatment on fatty acid-mediated induction of lipogenesis by assessing changes in TG synthesis in the presence of SFA (data not shown). Despite the fact that diacylglycerol levels were elevated, loss of SCD-1 activity did not prevent induction of lipogenic gene expression, nor did it prevent [
14 C]stearate incorporation into TG. It did, however, severely repress CE synthesis in high-ACAT1-expressing cells (MDA-MB-231) (2). It is known that the ACAT reaction proceeds at a much faster rate with 18:1 as the substrate, and while it does still proceed, 16:0 or 18:0 are less preferred substrates (18) . Additionally, qualitative differences in cholesteryl-MUFA vs. cholesteryl-SFA will likely have detrimental effects on cholesterol solubility (32, 33) and will likely induce efflux, as we and others (20) have shown.
It is important to note that total CE synthesis is not blocked by the loss of SCD-1 activity, whereas oleate synthesis is completely ablated. As a result, the cells retain the ability to generate CE that is likely esterified to stearate. Therefore, when the cells are not given exogenous FC and retain SCD-1 activity (Fig. 2B, lane 1) , a portion of the [ 14 C]stearate would likely be unsaturated and used as substrate for ␤-oxidation, thus disappearing from the system and/or accumulating as TG, as seen in the image. In the absence of exogenous FC and SCD-1 activity (e.g., with A939572), the inability of the cells to desaturate [ 14 C]stearate would alter the distribution of SFA and its subsequent incorporation into CE and TG. In our experiments, MDA-MB-231 cells were far more susceptible to apoptosis following loss of SCD-1 activity compared with MCF-7 cells (data not shown), and the latter seemed to be able to tolerate loss of activity to a far greater extent. It is tempting to speculate that because MDA-MB-231 cells have far less stored 18:1 to use for mobilization via TG hydrolysis, whereas MCF-7 cells own a far greater capacity to shift oleate from TG to CE and thus use 14 C]stearate incorporation into TG might be favored simply due to the fact that total FC levels may not be sufficient to enable detoxification. In either case, it is quite likely that incorporation of SFA into either fraction is highly detrimental to cell viability, leading to Xbp-1 splicing and eventually apoptosis.
Previous reports have shown that loss of SCD-1 in mouse liver reduces cholesterol esterification (8, 25) and that forced overexpression of SCD-1 in CHO cells is sufficient to increase CE formation (35) . While overexpression of SCD-1 or addition of exogenous MUFA in macrophages has been shown to repress ABCA1-mediated cholesterol efflux, loss of SCD-1 has been shown to increase ABCA1 activity (35) . We found the Fig. 6 . SCD-1 liver knockout (LKO) mice exhibit decreased CE content and Xbp-1s with fasting-refeeding. Lox control and LKO mice were fasted for 24 h (Fasted) or fasted for 24 h and then refed a high-sucrose, very-low-fat diet (HSVLF) for 12 h (Refed) prior to collecting liver for cholesterol and mRNA measurements. A: FC was determined from hepatic total lipids, which illustrated that refeeding in LKO animals fails to reduce FC below fasting conditions. B: TLC-separated hepatic neutral lipids reveals that CE formation is impaired in LKO mice. C: increased cholesterolgenesis during fasting and refeeding can be accounted for by an increase in the degree of Xbp-1s in LKO animals during fasting that increases with refeeding. D: animals were fed the HSVLF diet for 10 days, after which liver expression of Cav-1 was compared with chow-fed controls. BHT, butylated hydroxytoluene. change in total FC levels to parallel that of ABCA1 and Cav-1, and, on the basis of the current data, we can conclude that inhibition of SCD-1 activity via the small molecule inhibitor A939572 causes a significant rise in FC levels that is associated with an increase in cholesterol efflux gene and protein expression.
The potential for changes in FC content of the cells following SCD inhibition led us to speculate that the LXR pathway might be responsible for the observed phenotype. Recently, the LXR pathway was reported to repress cancer cell proliferation, due in part to increased ABCA1 expression that was independent of SREBP-1c (9, 10, 17) . When we treated breast cancer cells with the SCD-1 inhibitor, we observed an increase in FC that was associated with an increase in ABCA1 and LXR␣ expression. We saw an elevation in FC levels, an increase in Cav-1 and ABCA1 protein levels, and an increase in cellular membrane lipid raft content under these treatments. Thus, it would seem that inhibition of proliferation by LXR activation may be mediated by cholesterol depletion and membrane remodeling.
The current data provide new mechanistic insight into the potential link between SCD-1 and Cav-1. Recently, Antalis et al. (2) reported that SCD-1 expression was negatively correlated with Cav-1 expression. This phenomenon is potentially significant because 1) FC has been shown to increase Cav-1 expression, and 2) Cav-1 helps stabilize ABCA1 membrane attachment to aid in cholesterol efflux. Thus, increased Cav-1 expression may be a downstream consequence of low/absent SCD-1 activity. Cav-1 is thought to be cardioprotective in atherogenic-prone mice (15), whereas SCD-1 deficiency has recently been shown to increase lesion formation (5) . It would be interesting to know whether Cav-1 expression is also upregulated in the SCD-1 ϫ LDLR KO model as well.
We also saw that loss of SCD-1 activity increased FC, which can induce cell stress and Xbp-1 processing (13). Xbp-1s can not only induce lipogenic gene expression in hepatocytes (22) , but it is also required for adipogenesis (31) . We found that SCD-1 inhibition induced Xbp-1 splicing, which activated cholesterol synthesis genes. It could be expected that under normal circumstances (e.g., SCD-1 activity) the induction of cell stress/UPR would require cholesterol synthesis to aid in ER membrane biogenesis. However, in the absence of SCD-1 activity, the induction of SREBP-2 and HMGCR would lead to accumulation of FC, which could become cytotoxic. However, by increasing FC conversion into oxysterols, which serve as LXR ligands, the subsequent activation of ABCA1 and Cav-1 expression would remove FC and/or sequester it into lipid rafts.
Taken together, the data presented herein suggest that desaturase activity is required for efficient synthesis and retention of CE and that loss of SCD-1 activity induces Xbp-1 splicing and cholesterol efflux. We have shown here in cancer cells that SCD-1 inhibition suppresses cell viability. Several reports have linked SCD-1 activity with cancer proliferation, and on the basis of our results it is likely that killing of cancer cells could be occurring by one of two mechanisms. First, increased FC levels can cause a shift, or redistribution in cellular CE, away from storage and may consume limited supplies of oleate. Furthermore, the oleate-to-FC ratio may be important to cell viability and membrane fluidity, potentially causing the observed increase in Xbp-1 splicing. Second, LXR activation will increase cholesterol efflux and may deplete membrane biosynthetic constituents. If ABCA1 expression persists in the absence of increased cholesterol uptake or synthesis, the ability of the cells to proliferate and thrive will be severely impaired. It is beyond the scope of the current investigation to determine which of these mechanisms is responsible; however, future investigations may provide additional insight into these events.
Finally, we were able to confirm our in vitro models using the liver-specific SCD-1 KO mouse. These animals have been shown to lack the ability to maintain lipogenesis while on a 10-day HSVLF diet. In the current investigation, we show that with a single feeding of a high-sucrose diet there does not appear to be any impairment in cholesterolgenesis. What we did observe was an apparent inability to reduce hepatic FC content during refeeding either by failing to esterify due to lack of MUFA or by Xbp-1s-mediated induction of cholesterolgenesis. Within the current investigation, we are unable to determine which is direct and which is indirect; that is, does FC induce ER stress or does the ER stress induce cholesterol synthesis? Based on our results, it is likely that each plays a causative role in mediating the phenotype observed in vivo and in vitro. It is logical to assume that under normal lipogenic conditions the induction of Xbp-1s would increase lipid and sterol synthesis to maintain adequate storage and secretory Fig. 7 . Proposed model. After consuming a high-carbohydrate diet, activation of liver ER stress or the unfolded protein response (UPR) is required to induce lipid synthesis. SCD-1 is a target gene of Xbp-1s and increases MUFA synthesis to enable efficient TG and CE formation, subsequent VLDL formation, and eventual resolution of ER stress. However, in the absence of SCD-1, the inability to generate MUFA diminishes both TG and CE, with FC accumulating and further increasing ER stress/Xbp-1 splicing. FC conversion to oxysterols will lead to LXR activation, cholesterol efflux, and membrane remodeling in part through Cav-1 expression. function. While others have shown that Xbp-1s is necessary for the induction of lipogenesis, we have clearly demonstrated that in the absence of SCD-1 activity Xbp-1s also increases cholesterol synthesis. These data suggest that in the absence of SCD-1 activity the lack of oleate most likely increases Xbp-1 splicing, which increases FC in amounts that exceed available MUFA for efficient esterification. Future studies aimed at defining the role of cholesteryl-oleate in cell stress will be necessary to clearly delineate the role(s) of SCD-1 on enabling cholesterol synthesis and maintaining hepatic sterol homeostasis.
The recent observation that Xbp-1 splicing is required for the induction of lipogenesis places the UPR upstream of lipogenesis and cholesterol biosynthesis. Furthermore, SCD-1 was shown to be an Xbp-1 target gene, and our data suggest that SCD-1 expression may be necessary for proper functioning of Xbp-1-mediated induction and resolution of ER stress. Figure 7 depicts the proposed model in which normal animals activate the UPR/Xbp-1 pathway following a high-sucrose diet. The transcriptional activation of lipogenesis via Xbp-1s leads to MUFA synthesis only when SCD-1 activity is present, where the MUFA is then used to form both TG and CE for storage and release into the circulation, likely as VLDL and/or chylomicrons, and resolving ER stress.
In the absence of SCD-1 activity, the UPR pathway is activated as in Lox mice and leads to lipid synthesis, but the inability to generate MUFA prevents efficient esterification. In the absence of proper TG and CE biosynthesis, both storage (TG) and secretion (CE) are impaired, and FC accumulation will lead to further activation of cell stress and Xbp-1s. The accumulated FC can be cleared from the hepatocyte via oxidation, which activates LXR, increases cholesterol efflux, and promotes membrane remodeling via Cav-1 to (partially) resolve ER stress.
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